A wind turbine blade generally has complex structures including several layers of composite materials with shear webs, making its structure design very challenging. In this paper, a structural optimisation model for wind turbine composite blades has been developed based on a parametric FEA (finite element analysis) model and a GA (genetic algorithm) model. The optimisation model minimises the mass of composite blades with multi-criteria constraints. The number of unidirectional plies, the locations of the spar cap and the thicknesses of shear webs are taken as design variables. The optimisation model takes account of five constraints, i.e. stress constraint, deformation constraint, vibration constraint, buckling constraint, and manufacturing manoeuvrability and continuity of laminate layups constraint. The model has been applied to the blade structural optimisation of ELECTRA 30kW wind turbine, which is a novel VAWT (verticalaxis wind turbine) combining sails and V-shape arm. The mass of the optimised blade is 228kg, which is 17.4% lower than the initial design, indicating the blade mass can be significantly reduced by using the present optimisation model. It is demonstrated that the structural optimisation model presented in this paper is capable of effectively and accurately determining the optimal structural layups of composite blades.
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Introduction
Deployment of offshore wind farms during the past decade has highlighted some difficulties associated with conventional wind turbines. Conventional HAWTs (horizontal-axis wind turbines) place their main components (such as the rotor and drive-train) at the top of very tall towers, making both installation and maintenance difficult and limiting their size. VAWTs (vertical-axis wind turbines) can overcome the above disadvantages by locating their main components at the base of the wind turbine, offering easy access for both installation and maintenance. Additionally, VAWTs are insensitive to wind direction and therefore there is no need for sophisticated yawing system, which significantly reduces the cost of the turbine.
Therefore, there has been a resurgence of interest in the development of VAWTs for offshore applications [1] [2] [3] .
The conventional VAWTs based on the Darrieus concept [4] encounter a large aerodynamic overturning moment, which results in very heavy drive-train components. In order to minimise the aerodynamic overturning moment, Sharpe [5] proposed a novel V-shape VAWT rotor, which combines a V-arm with several sails positioned along the span. Fig. 1 presents a photograph of a 5kW prototype device developed by Wind Power Ltd based on the novel V-shape rotor. Figure 1 . 5kW prototype device developed by Wind Power Ltd [6] In 2009, ETI (Energy Technologies Institute) commissioned NOVA (Novel Offshore Vertical Axis) project [7] , which is a £2.8M feasibility study project to develop the concept design of a novel 10MW offshore VAWT based on the novel V-shape rotor. Through case studies, it is demonstrated that using two highaspect-ratio (i.e. large span-to-chord ratio) sails is more aerodynamically efficient than multiple lowaspect-ratio sails. This is due to the fact that the two-sail design experiences lower junction flows, which result in lower interference drags. Therefore a new V-shape with two-sail concept design is proposed in the NOVA project, as illustrated in Fig. 2 . Figure 2 . Concept design of NOVA 10MW wind turbine [7] Based on the V-shape and two-sail concept, the ELECTRA 30kW vertical-axis wind turbine is currently being developed in the 30kW Aerogenerator project, which is an on-going project (commenced in January 2015) and is funded by both DECC (Department of Energy & Climate Change) and APL (Aerogenerator Power Limited). The ELECTRA 30kW turbine will be built and tested, and it will also be used to demonstrate and generate information to scale up for offshore application.
Blades are key components of a wind turbine. The aerodynamic shape of a wind turbine blade is generally optimised in order to achieve better power performance [8] [9] [10] . In terms of the structure, wind turbine blades are generally made of composite materials due to their high strength-to-weight ratio and good fatigue performance. In order to meet design requirements, wind turbine blades commonly have complex structural layout, comprising one or more shear webs and a number of composite plies placed at different ply angles [11, 12] . The structural performance of a composite blade can be tailored by changing stacking sequence, fibre orientation, stacking location and size of the materials. Due to the inherent complexity of composite materials and the complicated blade structural layout, optimisation of a composite blade is very challenging and requires a specialised structural optimisation model.
In general, a structural optimisation model of wind turbine composite blades consists of two components, i.e. 1) a blade structural model, which determines the structural performance of the blade, such as blade mass and stress distributions; and 2) an optimisation algorithm, which handles the design variables and searches for the optimal solutions. Structural models used for wind turbine blades can be roughly categorised into two groups, i.e. 1D (onedimensional) beam model and 3D (three-dimensional) FEA (finite element analysis) model. Due to its efficiency and reasonable accuracy, beam model has been widely used in aeroelasticity analysis and structural dynamics analysis of wind turbine blades. Based on a nonlinear beam model, Wang et al. [13] developed a nonlinear aeroelastic model called NAM_WTB (Nonlinear Aeroelastic Model for Wind Turbine Blades), which takes account of geometric nonlinearities and large blade deformations. The main input data of the beam model are the cross-sectional properties, such as mass per unit length and crosssectional stiffness, which can be calculated by using specialised cross-sectional analysis models. An example of such cross-sectional analysis models is CBCSA (Composite Blade Cross-Sectional Analysis) [14] , which is developed by Wang et al. through combining CLT (Classical Lamination Theory) [15] and EBSFT (Extended Bredt-Batho Shear Flow Theory) [16] . Although it is efficient, the beam model is incapable of offering some important information for the blade design, such as detailed stress distributions within each layer of the blade structure. In order to obtain such detailed information, it is necessary to construct the blade structure model using 3D FEA. In 3D FEA, wind turbine composite blades are generally constructed using 3D composite shell elements, which are capable of describing composite layer characteristics throughout the shell thickness. Compared to the 1D beam model, the 3D FEA model provides more accurate results and is able to predict detailed stress distributions within the blade structure.
For this reason, the 3D FEA model is chosen in this study to model the composite blade structure.
Optimisation algorithms used for wind turbine blades can be roughly categorised into three groups [17] , i.e. exact algorithms, heuristic algorithms and metaheuristic algorithms. Exact algorithms evaluate every possible combination of design variables to find the best solution. It is a very accurate approach because all possible combinations are evaluated. However, it becomes inefficient and even infeasible in cases of a large number of design variables, requiring huge computational costs to evaluate all possible combinations.
Heuristic algorithms (also known as approximate algorithms) find near-optimal solutions based on semiempirical rules. Heuristic algorithms are more efficient than exact algorithms, but they are problemdependent and their accuracy depends on the accuracy of semi-empirical rules, limiting their applications to some extent. Metaheuristic algorithms (also known as hyper-heuristics), which are more complex and intelligent heuristics, are high-level problem-independent algorithms to find near-optimal solutions. Metaheuristic algorithms are more efficient than common heuristic and are generally based on optimisation processes observed in the nature, such as SA (simulated annealing), PSO (particle swarm optimisation) and GA (genetic algorithm). Among these metaheuristic algorithms, the GA, which finds solutions to optimisation problems using techniques inspired by genetics and natural evolution, has the ability to handle a large number of design variables and to avoid being trapped in local optimal solution, making it the most widely used metheuristic algorithm for the optimisation of wind turbine blades [18, 19] . For this reason, the GA is chosen in this study to handle the design variables and to search for the optimal solutions.
To the best of the authors' knowledge, the combination of FEA and GA for structural optimisation of vertical-axis wind turbine blades has not been reported in the literature. This paper attempts to combine FEA and GA to develop a structural optimisation model of wind turbine composite blades. A parametric FEA model is developed, and then it is coupled with GA to develop a structural optimisation model. The structural optimisation model is applied to the ELECTRA 30kW wind turbine blade, which is a novel VAWT blade, to optimise the structural layout of the blade. This paper is structured as follows. Section 2 illustrates the ELECTRA 30kW wind turbine blade. Section 3 presents the parametric FEA model of wind turbine composite blades. Section 4 presents the GA model. Section 5 presents the optimisation model by combining the parametric FEA model and the GA model.
Results and discussions are provided in Section 6, followed by conclusions in Section 7.
ELECTRA 30kW Wind Turbine Blade
The wind turbine model used in the present study is the ELECTRA 30kW wind turbine, which is a novel 2bladed VAWT combining V-shape and sails. The two blades of the turbine are designed to be identical, and therefore only a single blade is needed in this study. The aerodynamic shape of the blade is being optimised by the 30kW Aerogenerator project team. In this study, a preliminary aerodynamic design of the ELECTRA 30kW wind turbine blade is used, and its schematic is presented in Fig. 3 .
Figure 3. Schematic of preliminary aerodynamic design of ELECTRA 30kW wind turbine blade
As can be seen from Fig. 3 , the blade consists of three parts, i.e. arm, upper sail and lower sail. The length of the arm is 8.2m, and the angle between the arm and the horizontal axis is 38º. The length of the upper sail is 3.5m, and the angle between the upper sail and the arm is 95.5º. The length of the lower sail is 3.5m, and the angle between the lower sail and the arm is 84.5º. The arm root offsets 0.5m from the rotor rotational axis.
The preliminary aerodynamic design of the ELECTRA 30kW blade comprises two different airfoil shapes, i.e. NACA0040 and NACA0018, as shown in Table 1 . 
Parametric FEA model

Model description
A parametric FEA model of wind turbine composite blades is established using ANSYS software [20] . It is a parametric model, which means that the structural parameters of composite blades can be easily modified 8 to create various blade models. The parametric FEA model can be applied to the FEA modelling of both horizontal-axis and vertical-axis wind turbine composite blades, and its flowchart is presented in Fig. 4 . 
1) Define parameters
In the first step, parameters involved in the FEA modelling, such as structure thickness and geometry data, are defined.
2) Generate geometry
The blade geometry is generated based on the bottom-up approach, which generates low dimensional entities (such as points) and build on top of them higher dimensional entities (such as lines and areas).
3) Define and assign material properties
In this step, material properties are defined and then assigned to the blade structure.
4) Define element type and generate mesh
In term of element type, the shell element shell281, which has eight nodes with six degrees of freedom at each node, is used. The Shell281 element is well-suited for linear, large rotation, and/or large strain nonlinear applications. It is also suitable for layered applications for modelling composite shells or sandwich structure. Details of the Shell281 element can be found in ANSYS help documentation [21] .
Additionally, a regular quadrilateral mesh generation method is utilised to create high quality elements.
5) Define boundary conditions
In this step, boundary conditions is applied. The types of boundary conditions depend on the types of analysis. For example, for modal analysis, a fixed boundary condition is applied at the blade root.
6) Solve and post-process results
Having defined parameters, geometry, material, mesh, element properties and boundary conditions, different types of analysis, such as static analysis, modal analysis and time-dependent analysis, can be performed. The analysis results, such as deformations and stress distributions, are then plot using postprocessing functions of ANSYS software.
Validation of the parametric FEA model
A case study is performed in order to validate the parametric FEA model. The WindPACT 1.5MW wind turbine [22] [23] [24] , which is a representative of large-scale HAWTs, is chosen as an example. The reasons of choosing a HAWT blade in the validation study are 1) HAWT blades have similar structures with VAWT blades (for instance, both of them use airfoil cross sections made of composite materials); and 2) no data of VAWT blades are publicly available for validation case studies. The parametric FEA model presented in Section 3.1 is applied to the FEA modelling of the WindPACT 1.5MW wind turbine blade. A regular quadrilateral mesh generation method is utilised to create high quality elements. The created mesh is depicted in Fig. 5 , and a close view of the blade tip is presented in reported in Ref. [24] , as shown in Fig. 7 and Table 3 . As can be seen from Fig. 7 and Table 3 , the flapwise and edgewise blade mode frequencies calculated from the present FEA model show good agreement with the FEA results reported in Ref. [24] , with the maximum percentage difference (2.63%) occurring for the 4 th edgewise mode. This confirms the validity of the present parametric FEA model.
Application of the parametric FEA model to the ELECTRA 30kW wind turbine blade
The parametric FEA model is applied to the FEA modelling of the ELECTRA 30kW wind turbine blade.
The geometry, material properties, layout of the airfoil cross section, mesh, boundary conditions used in the FEA modelling are presented below. 
Geometry
Based on the aerodynamic shape presented in Section 2, the 3D geometry of the ELECTRA 30kW wind turbine blade is created, as depicted in Fig. 8 . The circular arm root and arm tip are connected to the hub and rectangular sail root using T-bolts, respectively. In this case study, for the sake of simplicity, the T-bolts and associated holes are not considered in the FEA modelling. 
Material properties
The blade structure is designed to be made of five types of materials, i.e. gelcoat, random mat, DBM1708
(double-bias E-glass fibre), C260 (unidreictional E-glass fibre) and End-grain Balsa. The mechanical properties of these materials are presented in Table 4 . It should be noted that the materials for this study are obtained from Refs. [26, 27] rather than manufacturing datasheets, as the real fabrication data are proprietary material and very challenging to obtain. Table 4 . Mechanical properties of materials [26, 27] Material name υ is the Poisson's ratio; ρ is the density; ply t is the thickness of the ply)
Layout of the airfoil cross section
The airfoil cross section of the composite blade is presented in Fig. 9 . As can be seen from Fig 
Mesh
The mesh of the blade is presented in Fig. 10 , and a close view of the sail tip is presented in Fig. 11 . The blade structure is meshed using structured mesh with shell elements. Figure 10 . Mesh of the ELECTRA 30kW wind turbine blade Figure 11 . Close view of the sail tip
Boundary conditions
The main loads on a wind turbine blade are the aerodynamic loads exerted by the airflow passing the blades. The aerodynamic loads used in this study are calculated using an in-house aerodynamic code called CTM4E (Cranfield Turbine Model version 4E), which is developed by Shires [28] in the NOVA project.
The CTM4E code is based on Paraschivoiu's DMST (Double-Multiple Streamtube) model [29] , which performs separate calculations of the induced velocity over upwind and downwind half-cycles of the rotor.
CTM4E code takes account of three-dimensional considerations for tip losses, tower losses and junction drag. The CTM4E code has been validated by extensive benchmark tests [28] , showing reasonable agreement with experimental data.
The aerodynamic loads are calculated by CTM4E code under a 50-year extreme wind condition (wind speed is 52.5m/s) with a parked rotor (i.e. rotor rotational speed is 0rpm). The overall aerodynamic overturning moment on the blade root is 44.9kNm, taking account of a load safety factor of 1.35 according to design standard IEC61400-2 [30] . The calculated aerodynamic loads are applied to the pressure-side of the blade surface as distributed loads.
In addition to aerodynamic loads, the gravity loads are considered in this study. Additionally, a fixed boundary condition is applied to the arm root.
The boundary conditions used in the FEA modelling are presented in Fig. 12 . as it helps to preserve and introduce diversity, preventing the population from stagnating at any local optima. A specified mutation probability is generally used to control the occurrence of mutation during evolution. This probability should not be too high. Otherwise, the genetic search will become a basic random search.
• Crossover
Crossover plays an important role in generating a new generation. Crossover mates (combines) two chromosomes (parents) to generate a new chromosome (offspring). The basic idea behind crossover is that the new chromosome might be better than both of the parents in cases that it takes the best characteristics from each parent.
GA searches optimal solutions through an iterative procedure, which is presented below.
1) Define objectives, variables and constraints
The first step of GA is to define optimisation objectives, design variables and constraints.
2) Initialise population
In this step, GA randomly generates the initial population (samples). Large initial population set increases the chance to find the input design variable space that contains the best solutions.
3) Generate a new population
In this step, GA generates a new population through mutation and crossover.
4) Design point update
In this step, the design points in the new population are updated.
5) Convergence validation
The optimisation converges when the convergence criteria have been reached. If the optimisation is not converged, the evolution process continues to the next step.
6) Stopping criteria validation
If the optimisation has not yet converged, it is then further validated for fulfilment of stopping criterion, i.e. the maximum number of iterations criterion. If the iteration number exceeds the maximum number of iterations, the optimisation process is stopped without having reached convergence. Otherwise, the optimisation process returns to Step 3 to generate a new population.
The above Steps 3 to 6 are repeated in sequence until the optimisation has converged or the stopping criterion has been met. The flowchart of GA is presented in Fig. 13 . Figure 14 presents the schematic of the blade structure. As can be seen from Fig. 14 gelcoat and random mat. Table 5 presents the number of layers of gelcoat, random mat and double-bias plies used in the blade structural design. The thickness of a single layer in Table 5 is the ply thickness ply t given in Table 4 (see Section 3.3.2). The unidirectional plies carry most of the bending loads, and they generally contribute most of the overall weight of the blade. In addition, the location of the spar cap and the thickness of the shear webs can also significantly affect the weight of the blade. Therefore, the number of unidirectional plies, the location of the spar cap and the thickness of shear webs are taken as design variables. The thickness of the core material (i.e. balsa) at both airfoil leading-and trailing-edge panels is designed be identical to the thickness of the unidirectional plies in the spar cap, in order to have a smooth transition between the panel and the spar cap to avoid local stress concentration.
Design variables
Thus, twenty-three design variables in total are defined, which can be expressed in the following form:
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where 1 x is the number of unidirectional plies of the arm-root region; 2 x is the number of unidirectional plies of the arm-root transition region; 3 x , 4
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x and 21 x are the normalized chordwise locations of spar cap of the arm; 22
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x are the normalized chordwise locations of spar cap of both upper sail and lower sail.
Constraints
The structural optimisation of wind turbine composite blades requires multiple criteria to be taken into account. In many cases, these criteria are mutually incomparable and sometimes even contradictory.
In this paper, five constraint conditions are taken into account, i.e. stress constraint, deformation constraint, vibration constraint, buckling constraint, and manufacturing maneuverability and continuity of laminate layups constraint.
• Stress constraint
The tensile and compressive stresses generated by the loads cannot exceed associated allowable stresses.
This can be expressed in the following inequality forms:
where max , T σ is the maximum longitudinal tensile stress of the blade, According to GL (Germanischer Lloyd) design standard [32] and Refs. [33, 34] , the material safety factor s f for wind turbine composite blades is 2.204. According to Ref. [27] , the ultimate stresses 
• Deformation constraint
In order to avoid the uncertainties introduced by large blade deformations, the maximum blade deformation max d should not exceed the allowable deformation allow d . This can be expressed in the following inequality form:
The allowable deformation allow d in this study is set to 0.7m, which is 20% of the length of upper sail.
This small allowable deformation avoids the uncertainties introduced by large deformations.
• Vibration constraint
In order to avoid the occurrence of resonance, the natural frequency of the composite blade should be separated from the harmonic vibration associated with rotor rotation. This can be expressed in the following inequality form:
where blade f is the first natural frequency of the blade, rotor f is the frequency of the rotor rotation, allow ∆ is the associated allowable tolerance.
The maximum rotor rotational speed of ELECTRA wind turbine is 50rpm, and the associated frequency 
In this study, an empirical value of 1.5 is chosen for the allowable load multiplier allow m L _ .
• Manufacturing maneuverability and the continuity of laminate layups
Considering the manufacturing maneuverability and the continuity of the laminate layup, the following constraints are applied to the design variables: (15) where L x is the lower bound of the design variables; U x is the upper bound of the design variables.
The lower and upper bounds of the design variables and the constraint conditions are presented in Table   6 . 
Parameter settings of genetic algorithm
GA presented in Section 4 is chosen as the optimisation algorithm, and the main parameter settings of GA are presented in Table 7 . Each parameter in Table 7 is detailed below.
• Type of initial sampling
The initial sampling is generated using constrained sampling algorithm, which constrains the sampling using variable relationships defined in Eqs. (11) to (15) .
• Number of initial samples
In this study, the number of initial samples Ini N is 230, which is 10 times the number of design variables.
• Number of samples per iteration
In this study, an empirical value of 50 is chosen as the number of samples per iteration PerIter N .
• Maximum allowable Pareto percentage
This parameter is a convergence criterion. Pareto percentage is defined as the ratio of the number of desired Pareto points to the number of samples per iteration. When this percentage reaches the maximum allowable Pareto percentage (70% in this study), the optimisation is converged.
• Convergence stability percentage
Convergence stability percentage, which represents the stability of the population based on its mean and standard deviation, is a convergence criterion. When this percentage (2% in this study) is reached, the optimisation is converged.
• Maximum number of iterations
The maximum number of iterations, which is the maximum possible number of iterations the algorithm executes, is a stop criterion. If this number (30 in this study) is reached without the optimisation having reached convergence, the iteration will stop. It also provides an idea of the absolute maximum number of evaluations MaxEval N , which is given by the following equation: (16) where Ini N is the number of initial sampling, PerIter N is the number of samples per iteration, MaxIter N is the maximum number of iterations.
• Mutation probability
Mutation probability, which defines the probability of applying a mutation on a design configuration, must be between 0 and 1. A larger value indicates a more random algorithm. For instance, if the value is 1, the algorithm becomes a pure random search. In this study, a typical value of 0.01 [35] is used for the probability of mutation.
• Crossover probability
Crossover probability, which defines the probability with which parent solutions are recombined to produce the offspring solutions, must be between 0 and 1. A smaller value indicates a more stable population and a faster (but less accurate) solution. For instance, if the value is 0, the parents are directly copied to the new population. In this study, a typical value of 0.82 [36] is used for the probability of crossover. Figure 16 presents the history of the objective function (mass of the blade) during the optimisation process.
Flowchart of the optimisation model
Results and discussions
As can be seen from Fig. 16 , the mass of the blade oscillates in the first few iterative steps and then gradually converges, reaching the best result with a mass of 228 kg at the 28 th iteration. The optimal blade design leads to a mass reduction of 17.4% in comparison with the initial design (the initial blade mass at 0 th iteration is 276kg). The optimised results of design variables, which have been rounded up, are presented in Table 8 . As can be seen from Table 8 , all design variables meet the constraints defined in Eqs. (11) to (15) . • Stress distributions Figure 22 presents the normal stress distributions within the blade structure. From Fig. 22 we can see that 1) the maximum positive normal stress (i.e. maximum tensile stress) is 151.72MPa, which is 52.90% lower than the allowable value of 322.1MPa; and 2) the absolute value of maximum negative normal stress (i.e. maximum compressive stress) is 151.28MPa, which is quite close to the allowable value of 155.7MPa. Figure 22 . Normal stress distributions of the blade structure
• Blade deformations Figure 23 presents the total deformations of the blade. The un-deformed wireframe is also presented in this figure to facilitate the illustration. As can be seen from Fig. 23 , the maximum total deformation is about 0.593m, observed at the tip of the upper sail. This value is 15.3% lower than the allowable value of 0.7m, indicating the present blade design is quite stiff and is not likely to experience large deformations. Figure 23 . Total deformations of the blade structure
• Modal frequencies and shapes
The modal analysis is used to obtain the dynamic properties of the blade, such as modal frequencies and modal shapes. In this case, the blade is non-rotating and free-vibration (no loads on the blade). Fig. 24 presents the frequency and modal shape of the first mode of the blade. As can be seen from Fig. 24 , the mode frequency is about 1.0Hz, which is 8.7% higher than the allowable value of 0.92Hz. Figure 24 . Modal frequency and modal shape of first mode of the blade
• Buckling analysis results
Due to buckling, composite materials under axial compression are generally weaker than those under axis tension. Fig. 25 presents the buckling analysis results of the blade. As can be seen from Fig. 25 , the load multiplier is about 2.15, which is 43.33% higher than the allowable value of 1.5. This indicates the present blade design is not likely to suffer from buckling failure. • The structural optimisation model developed in this paper is capable of effectively and accurately determining the optimal structural layups of composite blades, significantly improving the efficiency of blade structural optimisation.
• The mass of the optimised blade is 228kg, which is 17.4% lower than the initial design, indicating the blade mass can be significantly reduced by using the present optimisation model.
• For the optimal blade, the maximum compressive stress is quite close to the allowable values, while other constraint parameters (i.e. maximum total deformation, maximum tensile stress, first natural frequency of the blade and buckling load multiplier) have relatively large margins from the allowable values. This indicates the compressive stress is the dominant parameter in the presented design case.
Choosing another composite material with higher compressive strength would further reduce the blade mass.
• The present model can be used for any practice of structural optimisation of wind turbine composite blades, minimising the blade mass with multi-criterion constraint conditions.
